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Emergency response involves multiple local, state, and federal communities of responders. These 
communities are supported by emergency dispatch agencies that share digital traces of task-critical 
information. However, the communities of responders often comprise an informal network of people 
and lack structured mechanisms of information sharing. To standardize the exchange of task-critical 
information in communities of responders, we develop a conceptual modeling grammar. We base 
the grammar on an activity-theory perspective and ground it in an analysis of emergency dispatch 
incident reports. The paper contributes to research in dispatch-mediated emergency response 
literature by (1) developing a framework of elements and relationships to support critical information 
flow within emergency communities of responders, (2) developing a conceptual modeling grammar 
for modeling emergency tasks in dispatch-mediated emergency response, and (3) implementing a 
prototype system to demonstrate the utility of the conceptual modeling grammar.  
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1 Introduction  
Emergency response in the US is dispatch mediated i.e. 
information from the scene is directed toward 
responders and agencies through the dispatch agency 
(Valecha, 2015). It is a complex operation involving 
multiple communities of fire, EMS, police, dispatch, 
etc. The “community of responders” is a group of 
emergency personnel who share a set of activities, and 
who interact to achieve shared objectives, and to 
maintain their community (Fisher & Bennion, 2005). 
These communities of responders help cumulate and 
transfer expertise, and improve the capacity to respond 
to emergencies (Aedo, Díaz, Carroll, Convertino, & 

Rosson, 2010). As the role of these communities 
grows, particularly in such intensive settings, it 
becomes increasingly important to understand them 
and to provide computer tools to support their 
functioning (Fisher & Bennion, 2005). However, 
unlike an organizational network, which has well-
defined information pathways, a community of 
responders is often an informal network of responders 
who share expertise and practical advice at different 
levels. The responders engage in various practices and 
utilize different resources and tools that are a part of 
the work systems. Furthermore, they utilize different 
vocabularies, different spoken languages, different 
universes of discourses, and different concerns. The 
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differing terminologies make it difficult for responders 
to exchange information efficiently (Valecha, 
Sharman, Rao, & Upadhyaya, 2013; Valecha, 2019). 
Consequently, there is a need for common knowledge 
about how to interoperate disparate emergency systems 
(Chen, Sharman, Chakravarti, Rao, & Upadhyaya, 2008; 
Chen, Sharman, Rao, & Upadhyaya, 2013).  

A conceptual modeling grammar would facilitate a 
unified vocabulary with a set of elements and 
relationships (Wand & Weber, 2002) to enable 
emergency responders to share vital task-critical data 
with parts of their own agencies—as well as with 
agencies in neighboring cities, counties, or states, or 
voice information across jurisdictions—to 
successfully respond to day-to-day incidents and large-
scale emergencies (Valecha, Sudumbrekar, & 
Sharman, 2012). In this paper, we develop a 
conceptual modeling grammar as a tool to help 
communities of responders to share their expertise. A 
first step in developing the grammar is to model 
dispatch-mediated emergency tasks. 1  We utilize 
activity theory (Engeström, 1987) for the extraction of 
key concepts embedded in task-critical information 
supplied by the emergency communities of responders. 
The conceptual modeling grammar is grounded in an 
analysis of more than 1000 emergency dispatch 
incident reports. Further, we design and develop a 
prototype system to demonstrate the utility of the 
conceptual modeling grammar.  

In line with the existing discussions in design science, 
this paper adheres to the design science research 

guidelines (Hevner, March, Park, & Ram, 2004; 
Niederman & March, 2012; Peffers, Tuunanen, 
Rothenberger, & Chatterjee, 2007; Purao et al., 2008). 
This paper is organized as follows. Section 2 presents 
the emergency scenario and the emergency 
organizational hierarchy. In Section 3, we discuss 
related work. Section 4 presents the methodology for 
grammar development, including the design 
considerations. In Section 5, we discuss the grammar, 
including the key elements and relationships used to 
model emergency tasks. In Section 6, we evaluate the 
grammar through case application and prototype 
implementation. Finally, we conclude the paper with 
remarks on the contributions of this research and 
some future research directions. 

2 Emergency Response Overview 
Figure 1 depicts the emergency situation that is 
common for most day-to-day incidents. Various 
emergency agencies such as fire, emergency medical 
service (EMS), and police swing into action following 
the initial 911 call to the dispatch agency. The dispatch 
agency assigns an incident commander to the 
emergency. The incident commander becomes 
responsible for mitigation of the incident and is charged 
with the authority to take appropriate actions. Upon arrival 
at the scene of the incident, the incident commander may 
request additional resources from the dispatch agency 
based on his/her assessment of the situation. 

 

 

 
 

 

                                                           
1  In this paper, we use the terms task and activity 
synonymously. 

Figure 1. Emergency Scenario 
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The initial notification of the incident is received by the 
dispatch agency, which then generates an incident-
related document known as the “incident report”. The 
initial notification, along with geographical 
information, emergency details, etc. is entered by the 
dispatch personnel in the incident report as “general 
information”. The information about the responding 
vehicles that arrive at the scene of incident is stored in 
the report as “vehicle response summary”. This section 
also lists physical resources such as ladders, pumpers, 
rescue trucks, and other emergency equipment.  

The response comments are logged under “dispatcher 
comments”. Dispatcher comments do not denote direct 
communication (of responder messages), but rather 
refer to emergency tasks that take place in the course 
of time. For example, let us consider the comment “Not 
National Fuel” (Line 1 under “Dispatchers Comments” 
in Figure 2). This comment does not identify who sent 
the message, for whom it was intended, or from what 
channel it was delivered; rather, it denotes the task of 
notifying the national fuel agency. The report also 
includes a summary of the incident under “incident 
comments”. Figure 2 shows an excerpt of the 
dispatcher comments (depicting response tasks) from 
an incident report of a massive fire.  

While the incident report seems well organized, 
consisting of sender information, time stamp, and 

information content (in the three columns), it does not 
follow a set standard. For example, the National Fuel 
and Gas Agency is identified as “National Fuel” and 
“NATL FUEL” in the below report. In similar other 
reports, they are also identified as “nfg”, “nf” and so 
on. Another example is that of notifications. The report 
uses terms like “not” and “notfd”. Some other reports 
use “notified”, “paged”, “alerted”, etc. for the same. 
Different emergency agencies create incident reports 
using their own vocabularies. Due to the lack of a 
common standard between the agencies, the adoption 
of one of the existing incident reporting vocabularies 
would still not achieve standardization. Toward this 
end, we aim to standardize the incident reports by 
developing a common vocabulary. 

The incident reports identify different response tasks 
that take place during the response. Let us consider an 
example task: the responder is reporting the contact 
information for the commander (Line 2 under 
Dispatchers Comments in Figure 2). In a second task, 
Cheektowaga fire agency (denoted as CHEEK) and 
Niagara Country Sheriff are notified of the commander’s 
(denoted as EOC) contact information (Line 7 and 8 under 
Dispatchers Comments in Figure 2). The red box shows 
the resource transition of the ambulance unit, where the 
EMS agency provides the unit’s status. The status of the 
ambulance unit changes from “dispatched” (DS) to 
“enroute” (EN) to “at scene” (AS). 

 

Figure 2. Dispatcher Comments in Incident Report 
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The emergency tasks are subject to rules delineated in 
the mutual aids—agreements that denote the exchange 
of resources between agencies. Moreover, these tasks 
also follow a division of labor as per the chain of 
command, based on the Federal Emergency 
Management Agency’s (FEMA), Incident Command 
Structure (ICS; available at http://www.firescope.org). 
The command structure (also known as chain of 
command) is the formal line of authority and 
responsibility within an organization. It defines 
specific information channels that need to be followed 
in the organization, and often provides task 
associations and responsibilities. Higher ranked 
officers supervise those under them, but they are 
typically not permitted to command responders from 
other units that are not under their direct supervision. 
Chain of command helps avoid conflicts relating to 
authority, jurisdiction, and responsibility of the 
agencies and the agents.   

3 Literature Review 
In this section, we discuss the existing literature on 
conceptual modeling grammar. Subsequently, in order 
to elicit the development process for the grammar, we 
provide a discussion on activity theory, which provides 
the theoretical lens used in this paper. 

3.1 Conceptual Modeling Grammar 
A conceptual modeling grammar provides a set of 
elements to model real-world domains (Wand & 
Weber, 2002), and to define their representation 
schema. In addition, it also determines the rules on 
combining the elements (Kishore & Sharman, 2004; 
Zhang, Kishore, Sharman, Ramesh, 2007). Developing 
a conceptual modeling grammar can help bridge the 
gap in the literature in this area. As a case in point, 
Purao & Woo (2014) also suggest developing new 
grammars for modeling complex domains.  

There are two theoretical traditions within the 
information systems literature that can be utilized to 
create a representation of the emergency domain in the 
design of conceptual modeling grammars: linguistic 
theories and activity theory.  

(1) Linguistic theories: Prior literature in linguistic 
theories has explored conventions for creating 
linguistic-based conceptual models (Barker, 1990; 
Chen, 1983). These theories recommend “using the 
part-of-speech for identifying objects and methods; 
associating classes with nouns, relationships with 
verbs, and attributes with adjectives and prepositional 
phrases” (Overmyer, Lavoie, & Rambow, 2001, p. 
402). Linguistic theories allow for the examination of 
sentences containing clauses and phrases that describe 
and relate several objects, conditions, events and/or 
actions, generalizations, and are open to multiple 
interpretations (Al-Safadi, 2009).  

Some researchers have suggested speech act theory as 
a basis for developing conceptual modeling grammars 
(Wand & Weber, 2002). Speech act theory offers 
promising avenues for identifying interactions (Winograd 
& Flores, 1987; Wand, Monarchi, Parsons, Woo, 1995). 
The extension of conceptual modeling techniques with 
linguistic theories “increases…the capability to formalize 
well-known conceptual aspects, like object roles and 
constraints” (Burg & Van de Riet, 1997, p. 131). 

(2) Activity theory (AT): Researchers have used the 
alternative approach, activity theory, as a theoretical 
framework to inform conceptual model development 
(Kuhn, 2001; O’Leary, 2010). Activity theory provides 
a lens capable of deconstructing the complexities in the 
natural setting, to analyze the current practices, and also 
to inform the design process (Kaptelinin, Kuutti, Bannon, 
1995; Igira, 2008; Chen et al., 2008). For instance, 
Korpela, Soriyan, Olufokunbi (2001) have utilized 
activity theory to understand work practices and used the 
insight to inform the design of information systems.  

Activity theory deals with the purpose of information 
exchange as well as the result achieved by relevant 
processes. It uses the modeling of dynamic relations in 
society, between people. Activity theory is 
“individual-centered”—i.e., generally oriented toward 
putting the subject in the center and giving an 
important place to the negotiation (a mediated 
coordination) of the flow of actions (Chaudhury, 
Mallick, Rao, 2001). This allows us to analyze 
emergency response as an activity-centric and agent-
centric process (Raghu, Jayaraman, Rao, 2004).  

As a case in point, we note that many dispatcher 
comments require an understanding of the context 
surrounding the task. For example, let us consider the 
comment—“Clarence Center Chief” (line 9 under 
Dispatcher Comments in Figure 2). Using linguistic 
theoretical approaches that perform the identification 
of specific semantic elements within the user’s 
requirements (such as entities, attributes, relationships, 
cardinalities and multiplicities), this piece of 
information may be identified as an entity (responder). 
On the other hand, the activity theory framework 
allows us to conceptualize this task within its context 
(using the concept of division of labor), which implies 
that the Clarence Center Chief is assuming the role of 
the incident commander for that fire incident.  

Due to the consideration of emergency tasks within the 
dispatch incident reports (discussed in Section 2) and 
the metarequirements of the conceptual modeling 
grammar for complex domain (discussed in Section 
3.1), we choose activity theory over linguistic 
theories. We suggest that the insights offered by 
activity theory can support the development of the 
conceptual model for complex activities within the 
emergency response context (Wells, 2002). 
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3.2 Activity Theory Approach 
In activity theory, the minimal unit of analysis is the 
activity system (Kuutti, 1996). An activity consists of 
six elements: subject, tools, object, division of labor, 
community, and rules and procedures (Chaudhury et 
al., 2001; Chen et al., 2013). The activity is directed 
toward an object, mediated by tools, and socially 
constituted within the community (Bertelsen & 
Bodker, 2003). The subject is the individual or the 
group performing the activity and is supported by the 
instruments that can be either conceptual or material 
tools (Valecha, Kashyap, Rajeev, Rao, & Upadhyaya, 
2014). The object is shared by the people in the 
community making up the activity system. The 
interaction between the subject and the object is 
confined within the community that consists of rules 
and division of labor (Chen et al., 2013). Rules cover 
norms, expectations, conventions and social relations 
within a community (Kuutti, 1996). Division of labor 
refers to the allocation of tasks within the community. 

Engeström (2001) outlines four fundamental principles 
of AT: object-orientedness and mediation, 
multivoicedness and context, historicity and 
emergence, and expansive transformations (Nardi, 
1995; Kaptelinin, Nardi, & Macaulay, 1999; 
Kaptelinin & Nardi, 2006; Clemmensen, Kaptelinin, & 
Nardi, 2016), which are discussed below. These basic 
principles of activity theory are important 
considerations in the design of conceptual modeling 
grammar within the emergency domain.  

(1) The prime unit of analysis is an activity system—
an artifact-mediated (tool-driven) and object-oriented 
(goal-directed) system of actions. Artifacts shape the 
way human beings interact with reality (Kaptelinin et 
al., 1999). An activity utilizes various artifacts such as 
procedures, signs, instruments, methods and laws, etc. 
through which actions on objects are mediated. An 
object is “something given and something projected” 
(Engeström, 1995, p. 397). Objects 2  reflect the 
motivational (objective) or purposeful nature of 
activity and are targeted toward the satisfaction of 
identified objectives (Mwanza, 2001). By explicating 
five distinct conceptions of object 3  in the context of 
medical work and general practice, Engeström (1995) 
identifies that “fundamentally different conceptions of the 
object…also exist side by side across specializations and 
within one and the same domain of specialization” (p. 400). 

(2) An important principle of activity theory is social 
behavior. Every activity system engages diverse 
groups of actors, and thus is subject to multiple 

                                                           
2 We would like to thank the senior editor for pointing this 
out. 
3 The five distinct conceptions of object of medical work and 
general practice (including patient data as the object) were 
“(1) somatic diseases as the object; (2) consumers of health 

perspectives and beliefs (i.e., multivoicedness). 
Activities are collective systems situated in a 
meaningful context and socially constructed (Nardi, 
1995). An activity system starts with an abstract 
representation of context and then situates this 
representation in reality (Kaptelinin et al., 1999). As 
pointed out by Kuutti (1996), it is impossible to 
understand an activity in isolation, without the 
meaningful context. Activity theory considers the 
engagement of people with their world as a socially 
mediated process (Cole & Engeström, 1993), and 
studies activity as a system of coordinated actions 
within a social group oriented toward a goal. For 
example, responders work together as communities 
(such as police, fire, EMS, etc.), and they impose their 
culture, skills, and training on the response action. 

(3) The activity systems get transformed with time or 
context—in other words, human actions, and 
institutional structures can be analyzed by their own 
history (i.e., historicity). This is an important driving 
force in the development of activity systems (Allen, 
Karanasios, & Slavova, 2011; Allen, Brown, 
Karanasios, & Norman, 2013; Karanasios et al., 2013). 
Moreover, as practices change and processes develop, 
responders and teams move back and forth from their 
usual workplaces. The elements involved in the 
response activities change as the activities undergo 
frequent transitions. We observe the transitions of 
emergency response activities, to capture important 
state-related elements into the conceptual modeling 
grammar. For example, resources that are deployed at 
the scene get exhausted, and thus are released to their 
respective agencies. Activity theory allows us to focus 
on the processes and creative interactions that enable 
responders to develop the new process experience 
necessary to move forward. 

(4) An activity system’s capability can be expanded 
through changing actions. It is through interactions that 
the structural components of the activity system 
expand. In other words, interaction within the activity 
system can lead to a reimagined activity system by 
expanding the object of activity (Shankar, Agrawal, & 
Rao, 2010). For example, there is a relationship 
between the subject and community elements. If there 
is a change in the community element, it will affect the 
subject element. Such interactions indicate emergent 
opportunities for activity development and can be used 
as sources of improvement (Kuutti, 1996). The 
systemic nature of activity systems implies that if there 
were a change in one element, it would cause changes 
in other elements as well (Nicolini, 2013).  

care services as the object; (3) patient as a psycho-somatic 
whole as object; (4) patient’s social life situation as object; 
and (5) patient as collaborator as object” (Engeström, 1995, 
p. 400-401). 
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We apply activity theory to investigate emergency 
response along the dimensions of the activity system— 
including subject, object, instrument, community, 
rules, division of labor, and the principles of the 
activity system: object-orientedness and tool-
mediation, multivoicedness and context, historicity 
and emergence, and expansive transformations. By 
enabling responders to capture the key concepts of 
emergency response tasks, activity theory can be used 
to simplify the complex workflows. This structure 
provides the “root model” of the emergency activity 
(Engeström, 1987), and a conceptual framework for 
the inquiry of the emergency response. There is a 

mapping between the activity system structure and the 
ontological structure (i.e., “concepts” and 
“relationships between concepts”), which lends itself 
to bridging the transition between the human-based 
and machine-based models. This facilitates an in-depth 
understanding of the response setting.  

4 Methodology 
In this section, we explicate the activity theory-
driven process of developing the conceptual 
modeling grammar. Figure 3 provides an overview 
of the grammar development process. 

 

 
Figure 3. Process of Conceptual Grammar Development 

4.1 Data Collection 
We used multiple methods and sources of evidence to 
study the work of the emergency teams. These sources 
provided a foundation for understanding the 
emergency response to help us develop a conceptual 
grammar. Following Valecha et al. (2013), the data 
collection methods included: (a) incident reports that 
documented all the phases of the emergency response, 
and (b) responder interviews that assisted in 
triangulating the data from the incident reports. The 
responders’ role was to clarify the emergency 
terminology in the incident reports, allowing the the 
researchers to derive an overview of the emergency 
activities, elements, and interactions. 

To acquire a deeper understanding of the dispatch-
mediated response, we collected 1147 incident reports 
generated between 2008 and 2010 from a dispatch 
agency in the western New York area. These 
documents included general information about the 
incident, information about the resources deployed, 

and details of the response tasks. The data collection 
strategy was premised on collecting enough rich data 
of interaction between emergency responders to enable 
the tracing of emergency events, and the understanding 
of work disagreements and their solutions. This resulted 
in extracting 10,411 tasks from the incident reports 
performed by dispatch and other emergency agencies. 

4.2 Activity Theory Guided Expert 
Interviews 

We contacted four dispatch responders with more than 
five years of experience in dispatching resources to 
emergencies. Each of the dispatch responders also had 
experience dealing with emergencies in their other 
roles as volunteer fire chiefs, emergency medical 
technicians, or other emergency personnel. The 
responders were not familiar with activity theory; thus, 
following previous researchers (such as Barley, 1990), 
who have sought to understand work processes by 
engaging with actors in their own languages, we 
conducted interviews to grasp the emergency 
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terminology and to understand the flow of events from 
a responder’s perspective. The interviews were 
conducted in the context of the incident reports—we 
chose a random sample of 10 reports4 on which to seek 
responders’ feedback during the interviews.  

In the interviews, we asked responders to describe the 
emergency terminology in the incident reports for the 
purposes of understanding the various aspects of the 
process. The responders read each element from the 
reports and clarified its meaning. We also asked the 
responders to (1) describe the attributes of each 
element, and to comment on its restrictions and 
relationship 5  to other elements; (2) identify the 
states through which each of the elements 
transitions; and (3) discuss the different emergency 
activities and their inherent contradictions. The 
responders also addressed how emergency 
responders negotiate to handle such contradictions.  

4.3 Activity Theory Guided 
Information Processing 

After identifying the emergency activities, we adopted 
an iterative process of “within” and “across” activity- 
system analysis to produce a rich descriptive account 
of how activities are organized and developed at 
different phases of an emergency. We used this 
descriptive account as a basis for identifying how 
emergency practices emerge, develop, and change. 
The raw data (10,411 tasks) were examined to 
understand the nature of activity in detail. In this 
process, we utilized activity theory as a framework for 
grouping 6  the various elements together. We now 
move to a discussion of the details of element 
extraction and relationship formalization. 

We performed the iterative process of “within” 
activity-system analysis in a first, second, and third 
round (detailed here). At the outset, the responders 
provided three key emergency elements—namely, 
responder, agency, and resource—which are pivotal to 
most emergency activities. We extracted the contents 
of 10,411 tasks based on this element set. For example, 
in the task “Rapids alerted for manpower”, Rapids 
refers to the agency and manpower refers to the 
resource needed. However, there were also some tasks, 
such as “New command phone XXX-XXXX”, that 
included additional details not relevant to the elements of 
responder, agency, or resource. We extracted 3943 tasks 

                                                           
4 Due to the limited availability of the responders, we chose 
only 10 incident reports. However, these reports were diverse 
enough in that they covered fire incidents, medical incidents, 
false alarms, etc. Some of these incidents were large-scale 
resulting in damages in excess of hundreds of thousands of 
dollars, while some were only small-scale, including single 
alarm emergencies. 

that we identified as having at least one component that 
was not relevant to responder, agency, or resource.  

In the second round, the responders inspected the 
unidentified elements in this set of 3943 tasks. They 
pointed out that the unidentified elements were often 
related to information or workflow. The responders 
were also able to recognize response elements that 
included traces of emergency information, and 
suggested that mutual agreements following a certain 
chain of command instantiated the emergency 
workflow element. We extracted content from the 
previously excluded 3943 tasks based on this new 
element set, comprising responder, agency, resource, 
response, mutual aid, and command. The extraction 
based on this new element set accounted for all the 
tasks in the incident reports.  

In the third round, we started off with the set of six 
elements obtained from the second round. We asked 
the experts to identify relationships between the 
elements. The experts compared the elements to derive 
relationships among them. For example, the experts 
pointed out that a responder belongs to an agency. 
Their analysis generated a set of 12 relationship types: 
utilize, request, deliver, direct, manage, deploy, 
belong, offer, act, provide, restrict, and follow.  

We performed the iterative process of “across” activity 
system analysis in the fourth round (detailed here). In 
this round, we asked the dispatch responders to suggest 
the key negotiations between on-site commanders and 
remote agency chiefs. They described how responders, 
commanders, and agencies negotiate resources and 
aid/assistance based on the response. For example, the 
incident commander at the emergency site may need a 
100-gallon water pumper for extinguishing small fires, 
which is already in use at a different emergency site. 
In this case, the incident commander negotiates the 
pumper from nearest available emergency agency.  

In summary, during our interviews, the four experts 
identified the various elements available during the 
response. They provided explanations pertaining to the 
use, attributes, and restrictions of these elements. 
Finally, they identified the interaction of these 
elements in contradicting emergency activities. 

5 Relationships describe how the elements fit in the bigger 
scheme of the emergency. 
6 For example, Unit 292 (ambulance) and S5 (pumper) are 
both resources. Activity theory provides the concept of 
instrument that allows all the different emergency resources 
to be grouped together. 
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5 Conceptual Modeling 
Grammar 

In this section, we describe the activity theory-
based conceptual modeling grammar, which 
consists of constructs and predicates, emergency 
negotiations, and state transitions. 

5.1 Constructs and Predicates 
An emergency response operation is composed of 
emergency activity components and the relationships 
among them. Thus, it is important to identify which 
aspects of an activity theory-based analysis can help 
capture a view of emergency activity. Emergency 
activities include the acting subjects and the objects the 
activities are directed toward using the mediating 
components within the external environment (see Figure 
4). The subject is the responder who participates in the 
activity by sharing the task-critical information. The 
responder’s role determines how tasks are integrated 
into the emergency activity. The conceptualization of 
the activity illustrates that the responder (subject) 
undertakes response tasks (activities). 

Object-orientedness: The information about the object 
guides the construction of the problem space. In the 
analysis of the object, Engeström (1987) emphasizes a 
thorough understanding of the motivations for the 
activity being modeled. The subject’s motivation 
determines the perspectives that are represented in the 
understanding of the activity system goals. The object 
in the emergency activity system can be on-site or off-
site response data, and the objective can be the 
responder’s motivation to respond to the task at hand 
through various attempts. In some cases, the response 
motivation can be to update the dispatch agencies of 
the on-site information or to request updates from off-
site agencies, while in some other cases, the response 
intent can be to respond to the emergency (e.g., by 
suppressing or containing fire). 

Tool-mediation: A tool enables an activity by making 
it feasible and possible (Kuutti, 1996). Tools 
primarily describe the types of methods and 
information resources that constrain the activity. 
Tools are needed to articulate the problem space, 
specifically in terms of the kinds of instruments that 
are available to subjects for transforming objects in 
that space (Leont’ev, 1974). In an emergency 
response, the responder performs emergency tasks 
using physical and mental resources. The physical 
resources in this case (i.e., ladders, pumpers, rescue 
trucks, and so on) are clearly listed in various 
databases, but intangibles like skills and training, are 
less well-defined in terms of when and how they 
should be employed to interact with the environment. 

Multivoicedness: The community and its rules 
determine the problem setting, and the division of 

labor determines the relationships among the actors. 
The relationship among community members in the 
context of the the activity constitutes the social 
context. This means that the activity is distributed 
across and is situated within the community, and that 
it is based on community rules and the division of labor 
(Barab & Plucker, 2002). In the context of emergency 
response, the community is the network of on-site, 
dispatch or off-site responders, which specifies the 
aspects relevant to the external emergency environment. 
The emergency activity is bounded by rules and norms 
that are influenced by mutual aid. Mutual aid ensures 
agreement on response capacity during each phase of the 
emergency. The emergency activity adheres to a 
division of labor that identifies the responsibilities of the 
responders within the incident command structure. 

The conceptualization of emergency activity also 
depicts the relationship between the emergency 
activity elements. The responders act in response, and 
utilize the resources deployed for the response. These 
responders report to the agency and request mutual aid 
and assistance. The agencies follow the command(er), 
provide a response, deliver mutual aid and offer 
resources, and the command center manages the 
response. The process of element identification and 
relationship formalization yields the conceptual grammar. 

Figure 4 provides a graphical representation of the 
resulting activity theory-based framework for 
modeling emergency tasks. Here we illustrate a higher 
level of abstraction, consisting of key elements 
(denoted in underlined text: subject, object, 
instrument, community, rule and responsibility, and 
division of labor) and their relationships (identified as 
circles from A through L). 

Next, we define the elements as a set of schemas using 
controlled natural language description. The 
relationships, attributes, and constraints, which govern 
the use of the elements, are also discussed. Table 1 
defines the key emergency activity elements, 
presents the notations and symbols used in 
specifying the elements, and provides examples for 
each of the elements. The notations apply to all the 
symbols used to explicate the various ontological 
categories and relationships. Table 2 provides a list 
of predicates that are used in specifying the 
grammar. These predicates can be considered as 
relationships linking the elements together. Table 2 
also explains each of the predicates with constraints. 

Figure 5 provides the conceptual representation of the top-
level emergency response elements: responder, resource, 
agency, mutual aid, command, and response. It also 
identifies the various relationships between the elements 
(Sowa, 1999): utilize, request, deliver, direct, manage, 
deploy, belong, provide, act, offer, restrict and follow. At 
the top level is the emergency response universe.  
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The conceptual modeling grammar uses the notion of 
activity to capture system requirements. As a central 
concept in the conceptual modeling, activity is the 
focus of the grammar. An activity is a series of 
processing actions performed by a responder while 
providing response to chaotic event(s). Each responder 
performs activity individually and interacts with other 
responders in the system. The responder is a part of the 
emergency agencies that uses the notion of a command 
structure to represent the business rules and 
hierarchical structure that governs responders’ 
behaviors. The notion of resource is used to model 
inputs required and outputs generated during the 
course of the activity. The key features of the 
conceptual modeling grammar are, therefore, 
activity, responder, resource, agency, response, 
mutual aid, and command, which interact with one 
another during the course of emergency operations. 
Figure 5 depicts these fundamentals in a metamodel 
of the conceptual modeling grammar. 

5.2 Emergency Negotiations 
Activity interactions: Activity theory recognizes 
changing actions through the notion of “interactions”. 
AT allows us to focus on the interactions that enable 
participants to develop the new process experience 
necessary to move forward. It provides a lens for 
investigating the interaction of the responders from 

different backgrounds as they engage in a collaborative 
response. Accordingly, the conceptual modeling 
grammar uses the notion of interaction as a mechanism 
of negotiation between the activity systems. An 
interaction is a series of actions that take place between 
activity systems to resolve interdependencies. 

In our interviews, the responders mentioned that the 
emergency operation is a two-way setup. The 
emergency response consists of two activity 
operations, namely request operation (on-site to 
remote) and response operation (remote to on-site). 
The incident commander evaluates the intensity of the 
damage at the event site. Based on these perceptions, 
the incident commander requests resources from the 
remote agencies. To provide the resources to the 
incident commander, the remote agency responds 
based on a set agreement. Each activity may be 
analyzed in terms of the dimensions of responder, 
resource, agency, response, command, and mutual aid. 
In addition, the two activity systems interact with each 
other. In cases where the requests cannot be fulfilled 
partially or fully, the dispatch responders negotiate 
with on-site commanders and remote agency chiefs 
before responding to the requests. The negotiations 
help resolve resource conflicts, command issues, etc. 
Figure 6 depicts the activity theory-based framework 
for considering emergency response negotiations 

 

Table 1. Element Formalization with Constraints 

Element Example Attribute Constraint 

Responder ‘r’ M91: Main & Transit chief first assist Agency Each responder belongs to an agency 

Agency ‘g’ CC: Clarence center Agreement Each agency specifies its agreement 

Resource ‘s’ G5: Getzville pumper Type, agency Each resource is offered by an agency 

Command ‘m’ E9 COMMAND: Eggert chief assigned as 
commander  Role Commander is assigned to a role 

Response ‘v’ NOT: Notify National Fuel Agency A response can be provided by single or 
multiple agencies 

Mutual Aid ‘d’ THIRD ALARM EMS: Medical aid agreement 
in effect Level, type Each alarm denotes type and severity 
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# Predicate Meaning Constraint (from) Constraint (to) 

A Utilize (r, s) Responder utilizes 
resource  

Each responder can use 
multiple resources 

Each resource can be 
used by only one 
responder 

B Request (r, d) Responder requests aid 
Each responder can 
request multiple mutual 
aids 

Each mutual aid can be 
requested by multiple 
responders 

C Deliver (g, d) Agency delivers aid  Each agency can respond 
to one mutual aid 

Each mutual aid can be 
responded by multiple 
agencies 

D Direct (m, g) Commander directs 
agency 

Each commander can 
direct multiple agencies 

Each agency can be 
directed by one 
commander 

E Manage (m, v) Commander manages 
response 

Each commander 
manages multiple 
responses 

Each response is 
managed by one 
commander 

F Deploy (v, s) Response deploys 
resource 

Each response can deploy 
multiple resources 

Each resource can be 
deployed in one response 

G Belong (r, g) Responder belongs to 
the agency 

Each responder can 
belong to one agency 

Each agency can utilize 
multiple responders 

H Provide (g, v) Agency provides 
response 

Each agency can provide 
multiple responses 

Each response can be 
provided by multiple 
agencies 

I Act (r, v) Responder acts in 
response 

Each responder can act in 
multiple responses 

Each response can be 
acted upon by multiple 
responders 

J Offer (g, s) Agency offers resource Each agency can offer 
multiple resources 

Each resource can be 
offered by one agency 

K Restrict (v, d) Response restricts aid Each response can restrict 
multiple aids 

Each aid is restricted by 
multiple responses 

L Follow (r, m) Responder follows 
commander  

Each responder can 
follow one commander 

Each commander can be 
followed by multiple 
responders 

aTerms in parentheses in Table 2 refer to elements from Table 1. 

During an emergency event, the responder negotiates 
resources, roles and assistance when the resource is 
deployed in a different incident, or when the role 
requires specialized skills, or assistance necessitates 
custom resources, respectively. An agency negotiates 
for responders based on their availability (especially 
given that majority of the responders are volunteer 
workers). Resource and aid negotiations by an agency 

are based on the operating status of the resource, and 
the geographical proximity to event location. The 
incident commander negotiates for resources 
depending on their need or the shortage on the scene. 
Finally, the relief negotiations by the commander are 
centered around the incident category. Table 3 explains 
the emergency negotiations using an example scenario.

  

Table 2. Predicate Formalization with Constraintsa 
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Figure 4. Activity Theory-Based Emergency Response Framework 

Figure 5. Conceptual Modeling Grammar Element Taxonomy 
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5.3 State Transitions 
Activity historicity: Activity systems and their 
elements have a history of their own, which implies 
that they develop over time or context. An analysis of 
historicity is needed to understand the activity in its 
entirety. Emergency structures are dynamic and have a 
life cycle associated with them. In order to interpret the 
dynamism within the emergency response tasks, it is 
important to consider various states that the tasks go 
through during the response. A simple view of emergency 
response life cycle could be studied though the process 
flows of the activity. In this process flow, both the 
elements and the tasks undergo frequent transitions. 

The resource, responder, and agency elements go 
through four stages, namely dormant, dispatched, cold, 
and active as shown in Figure 7 below. The element is 
in a dormant state before it is dispatched for the 
incident. Once it is dispatched, it becomes available for 
use on-site and can be deployed. When it arrives on the 
scene, it can be in the cold state (i.e., not utilized) or in 
the active state. An element in cold state can 
transition to active state and vice-versa when it is 
assigned to or withdrawn from the activity (Valecha, 
Sharman, Rao, & Upadhyaya, 2012). 

The tasks go through six stages—namely, dormant, 
queued, approved, active, suspended, and completed as 
shown in Figure 8 below. A dormant task is under 

consideration for approval. It can transition to a queued 
state if it is a lower priority. Once it is approved, it 
comes into action and can be implemented. During its 
execution phase, it is in the active state. An active task 
can be halted for any reason, transitioning it into the 
suspended state. A suspended task can be released to 
an active state, and, finally, to a completed state 
(Valecha et al., 2012). 

While the structural elements of emergency response 
across various settings (counties, cities or states) are 
likely to be similar, it is quite possible that each setting 
would have some key distinguishing factors 7 . 
Therefore, it is important to point out that we do not 
think that a strict, one-to-one mapping exists. Our view 
on emergency activity is that different interpretations 
exist. For example, what is considered role information 
in one setting can be part of the division of labor in 
another setting. Likewise, the same piece of 
information can be part of different categories based on 
the activity. The same holds for the activity theory-
based analysis itself: the same thing can be an object 
and a tool in different task settings. Activity theory 
allows the designer to focus on task-related 
information instead of being lost in the modeling of 
emergency details without being able to see the 
interactions between different aspects of the 
emergency system (Kofod-Petersen & Cassens, 2006). 
This allows the conceptual modeling grammar being 
developed to be extensible8 in different contexts.

Negotiation Source Target Support Scenario 

N (r, s) Responder Resource Multi-incident 
deployment 

A fire engine needed in East Amherst is in-use by Main & 
Transit site 

N (r, m) Responder Commander Role training Responder presents chemical training for fire extinguishing 

N (r, d) Responder Mutual aid Custom tools A rescue truck from third alarm is needed in a first alarm 
response 

N (g, r) Agency Responder Labor supply Volunteer fire fighters are not available at a certain time 

N (g, s) Agency Resource Maintenance control A 100-gallon water pumper needs its hose serviced 

N (g, d) Agency Mutual Aid Event proximity  A second alarm from Swornville updated due to road 
closures in the area 

N (m, s) Commander Resource Inventory levels Unit 201 is released from the scene 

N (m, d) Commander Mutual Aid Incident category Injuries on-site, mutual aid ambulance requested  

aTerms in parentheses in Table 3 refer to elements from Table 1. 

                                                           
7  We would like to thank an anonymous reviewer for 
pointing this out. 

8 The conceptual modeling grammar is not intended to be 
comprehensive, but rather provide an underlying structure to 
model emergency response tasks. 

Table 3. Negotiation Formalization with Constraintsa 
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Figure 8. Conceptual Modeling Grammar Activity Transitions 

Figure 7. Conceptual Modeling Grammar Element Transitions 

Figure 6. Activity Theory-Based Formulation of Emergency Negotiations 
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6 Evaluation 
Some researchers have evaluated conceptual modeling 
grammar by comparing the similarities and differences 
with competing grammars (e.g., Henk, Olle, & Verrijn-
Stuart, 1986; Zhang et al., 2007). For evaluation of 
their grammars, these researchers have considered 
characteristics such as number of constructs, 
reactiveness and proactiveness, and social behavior.  

Connolly and Begg (2002) provide useful guidance on 
validating conceptual models effectively and 
efficiently. They recommend that conceptual models 
be validated using two validation tasks—test 
transactions against the conceptual model, and review 
the conceptual model with users. Transaction testing 
includes events in the domain, referred to as 
transactions, which can be evaluated to determine 
whether they are represented in the conceptual model. 
Participant review involves participants who are asked 
to review the model in whatever way they choose. 
Following their recommendation, we validate the 
conceptual model in two ways: transaction testing 
using an emergency case, and participant review of 
how the conceptual model represents the domain. 

In using transaction testing and participant review for 
validating conceptual modeling grammar, we chose 
two criteria: (1) minimum overlap is achieved when the 
same construct cannot be represented via alternate 
constructs, and (2) maximum coverage is achieved if 
the constructs in combination cover all phenomena to 
be modeled. Minimum overlap reduces the 
likelihood of producing conflicting domain 
representations, while maximum coverage increases 
the likelihood of producing complete domain 
representations (Wand & Weber, 2002). 

6.1 Case Evaluation 
The conceptual modeling grammar can be evaluated 
based on its usage and application (Chen et al., 2013). 
In accordance, we utilize a real case (incident report) 
in order to determine how well the grammar fits a real 
scenario. For the real case, we chose an additional 
incident that was not used in the grammar development 
process (see excerpt in Figure 9). This incident reports 
on various emergency tasks that were performed during 
the mitigation of the emergency. The incident pertains 
to a brew pub fire that was reported by alarms and spread 
quickly through multiple areas. The total damage caused 
by the fire was estimated to be over $200,000. 

Validating a conceptual model involves checking its 
representativeness—namely, how closely the 
conceptual model represents the domain. It is 
representative if it has the attributes of accuracy and 
completeness; in other words, the model should 

represent the domain accurately and completely. Thus, 
we asked a key validation question to four different 
emergency dispatch responders (each with more than 
five years of experience) who were not involved in the 
process of grammar development: Does the conceptual 
model allow for a complete representation of the 
emergency tasks (maximum coverage)? Does the 
conceptual model allow for an accurate representation 
of the emergency tasks (minimum overlap)? These 
questions served the purpose of validating the 
conceptual modeling grammar and illuminated the 
transition of activity theory concepts from conceptual 
to modeling form, which is detailed next. 

In order to answer these questions, the authors 
provided sample raw data (tasks) from the incident 
report to the four experts in group meetings (see Figure 
9). The authors also provided the key elements and 
their relationships derived by using the conceptual 
modeling grammar. For example, see Sample Tasks 
1—“D” and Task 2—“Channel 2” in Figure 9. In the 
first task, the authors revealed that the aid is dispatched 
(denoted by “D”) to the incident, the agency is the 
dispatch agency, the type of mutual aid is fire-related 
(MAF), the command is under the control of fire chief, 
and the response (motivation) is fire suppression. In the 
second task, the authors identified that the radio 
(channel 2) was used for communication purposes. 
Thus, the resource is the radio (channel 2), the agency 
is the dispatch agency, and the response (motivation) 
is communication. This is depicted as Tasks 1 and 2 in 
Table 4. Furthermore, the authors also identified the 
relationship between the elements. In the first task, the 
authors recognized that TOM belongs to the dispatch 
agency that responded to the on-site location. In the 
second task, the authors identified that the dispatch 
agency provided the radio channel that is deployed 
for on-site communication. This is summarized in 
Table 5. For the details of other elements within the 
sample messages provided in the real case, refer to 
Table A1 in Appendix A.1. 

The four experts reviewed the tasks from the incident 
report by comparing the raw information with the 
structured information derived by the authors (using 
the grammar). They were allowed to ask (and discuss 
with) one another about the domain being modeled 
during the group meetings. They endorsed that tasks 
within the report were completely represented by the 
elements and relationships (in both Table 4 and Table 
A1). In addition, they also identified that the concepts 
were extracted accurately. Thus, the model offers a 
significant improvement over the current form of the 
logging tasks. The experts concurred that the 
conceptual modeling grammar may be used to improve 
the exchange of task-critical information. 
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Besides the participants who are aware of the domain of 
the conceptual model, there may be IS professionals 
(having had no part in the preparation of a conceptual 
model) who can validate the conceptual model (Shanks, 
Tansley, Weber, 2003). In accordance, we validate the 
conceptual model through a testing team of professionals 
(who were not involved in the model development). 

6.2 Prototype System Test 
In order to enable the validation of the conceptual 
model by a testing team of professionals without the 
knowledge of the domain, we built a prototype system 
using Visual Basic to facilitate support for fire incident 
response. This prototype utilized the grammar to 

standardize sharing of task-critical information in the 
emergency context. It enabled first responders to enter 
pertinent information dealing with situation assessment, 
resource application, collaboration, and so forth.  

A team of two software developers (graduate students) 
led by the first author developed the prototype, which 
was tested by a team of two testers (also graduate 
students). We provided both teams with the 
requirements for the design of the system based on the 
aforementioned emergency framework. Previously, all 
four graduate students had worked on software 
development in industry contexts. The prototype 
followed the standard software development life cycle 
(SDLC) methodology and took four months to complete.

Figure 9. Dispatch Incident Report Excerpt (Sample Tasks in Red Box) 



Modeling Dispatch-Mediated Emergency Response 
 

48 

 

Task Responder Resource Agency Response Aid Commander 

1 TOM - Dispatch Suppression MAF Chief 

2 TOM Radio (Channel 
2) Dispatch Communication - - 

 

Task Element Element Relation 

1 Tom Dispatch Belong 

1 Tom Chief Follow 

2 Dispatch Communication Provide 

2 Dispatch Channel 2 Offer 

As a prototype, this system developed only a portion 
of the functionalities required by the actual fire 
response system. The prototype system contained four 
modules including logging, reporting, modularizing 
and exporting. There were a total of 49 forms 
generated over 11 database tables to store relevant 
element and relationship information. Figure 10 
provides a snapshot of the prototype9.  

We tested the prototype for functionality utilizing the 
key elements—responder and resource, and their 
relationships. The prototype demonstrates how the 
subject and tool were instantiated, along with a goal 
(activity) assignment scenario where the responder 
used the resource assigned to a certain activity. For 
example, firefighter used water pump assigned for 
extinguishing the fire (as shown in Figure 10). The 
testing team performed various types of tests10, such as 
unit, database, regression, integration, and system 
tests, based on the specified design requirements.  

The testing team concluded that the responder and 
resource modules worked independently. There was no 
overlap between the constructs, confirming the 
minimum overlap criteria. The assignment module 
populated the relationship data correctly. It was also 
determined that the element module and the 
relationship module completely and accurately 
modeled the scenario at hand, and that the system 

performed as expected for the information logging 
requirement. This confirmed the maximum coverage 
criteria setup at the beginning of testing phase. 

7 Conclusion 
Emergency response is dispatch-mediated process, and 
a complex operation consisting of several 
“communities of responders”, which facilitate sharing 
domain expertise and improve the capacity to respond 
to emergencies over time.  

Utilizing emergency dispatch incident reports, we 
develop a framework for sharing task-critical 
information. Such a framework can be useful in 
developing a tool to help communities of responders 
share their expertise. The paper contributes to research 
in dispatch-mediated emergency response 
literature by (1) developing a framework of 
elements and relationships within the emergency 
communities of responders; (2) developing a 
conceptual modeling grammar based on activity 
theory and grounded in an analysis of more than 
1000 emergency dispatch incident reports; and (3) 
implementing a prototype system to demonstrate 
the utility of the conceptual modeling grammar. 

 

                                                           
9  Refer to Figure A1 in Appendix A.2 for the backend 
functionality of the prototype. 

10 Refer to Table A2 in Appendix A.3 for a list of tests the 
prototype was validated against. 

Table 4. Key Elements from Emergency Tasks 

Table 5. Key Relationships from Emergency Tasks 
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The grammar is grounded in activity theory to elicit 
development of its elements and relationships. This 
paper adheres to the design science research guidelines 
(Hevner et al. 2004; Peffers et al. 2006), and makes the 
following contributions to the literature: (1) it 
undertakes empirical work on conceptual modeling 
grammar in a realistic setting; and (2) it studies the 
conceptual-modeling needs of complex domains, 
involving multiple response organizations. Such a 
conceptual modeling grammar can be used to model 
real-world complex domains (Wand & Weber, 2002), 
aid solution development by specifying a common 
vocabulary, and help personnel share vital task-critical 
data while responding to day-to-day emergency 
incidents. Furthermore, the grammar can provide 
the foundations needed to define a modeling 

language in the form of symbols and vocabulary 
capable of serving as building blocks for 
constructing more complicated expressions. 

One limitation of our work is that it is based on 
emergency dispatch incident reports from selected 
counties in northeastern United States. Practices in 
other parts of the country may vary somewhat. Future 
studies should aim to generalize the model developed 
in this article. Another limitation of the current system 
is that repeated task-critical updates were not logged. 
It may be noted that a unidirectional update may be 
multicast to several responding agencies to ascertain 
which agency has the resources to respond. In addition, 
a mechanism for dealing with missed information in 
the system needs to be addressed in future research. 
Resource interdependencies—which arise when two or 

Figure 10. Snapshot of Prototype System 
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more responders require access to the same resource—
need to be handled effectively. There should be a way 
of defining the order in which agents access the resource 
and its locking mechanism. Richer data could, perhaps, 
be utilized to arrive at patterns leading to more 
predictive analysis, and an early detection of the aborted 
911 calls and prank calls. We hope that the conceptual 
modeling grammar developed in this paper will be 
subjected to more rigorous evaluation focusing on how 
the grammar helps in resource assignment, responder 
accountability, and other emergency operations that are 
a part of the day-to-day emergency response. 
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Appendix A 

A.1 Case Details 

Msg. Responder Resource Agency Response Aid Command 

1 Caller - Public Initial notification - - 

2 RICKB - - Fire update - - 

3 TOM - - Fire update - - 

4 TOM Aid Dispatch Suppression MAF 
Dispatched 

Chief 

5 TOM - - Fire update - - 

6 RICKB Ambulance (Unit 
244) EMS Medical care - - 

7 TOM Radio (Channel 
2) Dispatch Communication - - 

8 RICKB Pager AFI, AES Alert - - 

9 TOM - NFG Alert - - 

10 TOM - NG Alert - - 

11 TOM - - Fire update - - 

12 RICKB - Status (Responding) Status update - - 

13 RICKB - Status (ETA) Status update - - 

14 TOM - - Fire update - - 

15 TOM - FAST  Alert - - 

16 RICKB - APD, FI Alert - - 

17 TOM - - Location update - - 

18 TOM - - Content update - - 

19 TOM - - Incident update - - 

Table A1. Key Elements from Sample Messages in Fire Case Study 
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A.2 System Design 
The database diagram in Figure A1 explains the back-end functionality related to the key elements and their 
relationships. It depicts the role-centric view wherein each role can be played by multiple agents, assigned multiple 
goals, and allocated multiple resources. The use-case diagram in Figure A1 also depicts the cases for the user groups 
that the system serves.  

 

 

Agent

PK Agent_ID

FK1 Role_ID
 Agent_Name
 First_Name
 Last_Name
 Gender
 Agent_Type
 Agent_Code

Role

PK Role_ID

 Role_Name
 Pay_Scale
 Cert_Name
 Role_Status
 Role_Location

Resource

PK Resource_ID

FK1 Role_ID
 Resource_Name
 Resource_Quantity
 Resource_Owner
 Resource_Location

Goal

PK Goal_ID

FK1 Role_ID
 Goal_Name
 Goal_Desc
 Goal_Time
 Goal_Location

Figure A1. System Database Diagram and Use-Case Diagram 
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A.3 System Testing 
The prototype was developed by a team of two software developers (currently graduate students) led by the first author 
and another testing team of two developers (also currently graduate students). We provided both teams with the 
requirements for the design of the system based on the aforementioned communication framework. We evaluated the 
prototype system to assess its quality and level of support in fire response, and the evaluation results are presented in 
Table A2. 

Test Result 

Unit testing Description: This test is performed at the functional level and ensures that the specific function is 
working as expected.  

Relevance: This test was performed to ensure that different modules, which form the building blocks 
of the software, work independently of each other. 

Details: Responder and resource modules worked independently. 

Database 
testing 

Description: This test ensures the interaction of the system with the data. 

Relevance: This was performed by verifying data entered through the forms, populated the database at 
the back end. 

Details: Resource assignment form populated the assignment data table. 

Regression 
testing 

Description: This test ensures that the newer functionality does not affect the previously working 
functionalities.  

Relevance: This was performed by checking whether previously fixed faults have reemerged. 

Details: The assignment module does not affect responder module. 

Integration 
testing 

Description: This test ensures that the different modules interact as expected when integrated.  

Relevance: The interaction between the modules was reported for bug fixes. 

Details: The element module interacted with the relationship module. 

System testing Description: This test ensures that the entire system meets the requirements.  

Relevance: Any of the reported errors were fixed and the new version of the system was retested. 

Details: The system performed as expected for info logging requirement.   

 

  

Table A2. Prototype Evaluation Results 
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